Objective To investigate the utility of ultrasonography to objectively examine morphological changes (i.e., muscle atrophy and fatty infiltration) of the supraspinatus muscle. Methods Thirty-four patients were prospectively enrolled in this study. The degrees of muscle atrophy and fat infiltration were measured using ultrasonography 3-4 months after arthroscopic supraspinatus tendon repair. Shoulder function (i.e., shoulder active range of motion, visual analogue scale, and constant score) was examined. Using the symmetricity of the muscles in the human body, the degrees of morphological changes of the supraspinatus muscle were quantitatively measured. The associations between the morphological changes of the supraspinatus muscle and shoulder function were identified. Results There were statistically significant differences in the cross-sectional area (CSA) and echogenicity between the surgery and non-surgery sides (p<0.001). The CSA ratio, which represents the degree of muscle atrophy, was associated with shoulder forward flexion, external rotation, and constant score; however, the echogenicity ratio, which represents the degree of fat infiltration, was not associated with shoulder function after surgery. Conclusion This study demonstrated that shoulder function could be predicted by evaluating the morphological changes of the supraspinatus muscle using ultrasonography and that objective evaluation is possible through quantitative measurement using the symmetricity of the human body.
INTRODUCTION
A shoulder rotator cuff tear (RCT) is the most common cause of shoulder pain. There are many treatment options for a RCT, including conservative and surgical treatments. Treatment of a RCT is performed based on patient-related factors such as age, amount of activity, and degree of tendon damage [1] . Among the treatment options, arthroscopic rotator cuff repair has been frequently performed because it is associated with few postoperative complications and rapid recovery [2] [3] [4] . Many studies have reported that morphological changes of muscle, such as preoperative muscle atrophy and fat infiltration, are associated with shoulder function and can be used as a predictor of postoperative prognosis [5] [6] [7] . However, few studies have evaluated the associations between postoperative morphologic changes of the muscle and shoulder function. Additionally, most studies that evaluated morphological changes of the muscle used magnetic resonance imaging (MRI) or computed tomography (CT). The results of recent studies that evaluated morphological changes of the muscle using ultrasonography, however, were not significantly different from those of studies using MRI or CT [8] [9] [10] . Assessments that use ultrasonography have advantages over assessments that use MRI in terms of cost and time. An ultrasonography assessment also has the advantage of not exposing patients to radiation, unlike CT. Recent studies regarding the morphological changes of muscle using ultrasonography, however, the assessment of the morphological changes of the muscle also had disadvantages. For example, there was no exact reference value because the morphological changes of the muscle were evaluated subjectively by dividing the grade of the muscle condition or based on the peripheral fat tissues or surrounding muscles [8] [9] [10] . Studies that evaluated the dominant and non-dominant side of human muscles through ultrasonography have shown symmetricity of the muscles of the human body [11, 12] . Therefore, if quantitative evaluation is performed based on the same site, but on the opposite side, by using the symmetricity of the human body, objective evaluation of the muscle morphology may be possible. The purpose of this study was to investigate the utility of ultrasonography to examine objectively the morphological changes of the supraspinatus muscle using the symmetricity of the human body. The cross-sectional area (CSA; i.e., assessment of muscle atrophy) and echogenicity (i.e., assessment of fatty infiltration) of the supraspinatus muscles on the surgery and the non-surgery sides of patients who underwent arthroscopic supraspinatus tendon repair were measured using ultrasonography. Using the symmetricity of muscles of the human body, the degrees of muscle atrophy and fatty infiltration were quantitatively calculated by obtaining the ratio of the surgery side based on the non-surgery side. Associations between the morphological changes of the supraspinatus muscle and shoulder function were also identified.
MATERIALS AND METHODS
Patients visited the Department of Rehabilitation Medicine after undergoing arthroscopic supraspinatus tendon repair. The degrees of muscle atrophy and fat infiltration were measured using ultrasonography 3-4 months after arthroscopic supraspinatus tendon repair. The degree of muscle atrophy was evaluated by measuring the CSA of the supraspinatus muscle; the degree of fat infiltration was evaluated by measuring the mean echogenicity (since muscle atrophy progresses, the value of the CSA becomes smaller; as fat infiltration progresses, the value of the echogenicity becomes larger) [13] . The ratio of the CSA and echogenicity of the surgery side based on the non-surgery side was obtained using the symmetricity of the human body to quantitatively evaluate the degrees of muscle atrophy and fat infiltration. Although the human body is symmetrical, the muscle on the non-dominant side may be smaller, and muscle atrophy may occur on the surgery side due to disuse after surgery. If patients who had undergone surgery on the non-dominant side were included in this study, then it would have been difficult to accurately determine if the muscle was smaller because it was on the non-dominant side or because the size of the muscle had been reduced due to disuse after surgery. Therefore, only patients who had undergone surgery on the dominant side were included in this study. This study was conducted in accordance with the 1964 Declaration of Helsinki and written informed consent was obtained from all patients. This study was approved by the Institutional Review Board of Catholic University of Korea Daejeon St. Mary's Hospital (No. DC16-RISI 0016).
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Participants
Thirty-four patients were prospectively enrolled in this study (22 Table  1 ). The rotator cuff repair surgeries were performed by the same orthopedic surgeon using the suture bridge repair technique by arthroscopy. The patients visited the Department of Rehabilitation Medicine 1 month after surgery and were educated regarding scapular-stabilizing exercises and shoulder range of motion (ROM) exercises, which they could perform independently at home. They also received physical therapy for shoulder pain and shoulder-passive ROM exercises under the guidance of a physical therapist 2-3 times per week. They visited the outpatient clinic of the Department of Rehabilitation Medicine again 3-4 months after surgery for ultrasonography evaluation. The inclusion criteria were as follows: patients who had undergone surgery on the dominant side and patients who had not experienced shoulder pain or dysfunction in the shoulder on the non-surgery side among the patients who visited the outpatient clinic of the department of rehabilitation medicine 3-4 months after arthroscopic rotator cuff repair from June to December 2016. The exclusion criteria were as follows: patients who had undergone rotator cuff repair surgery for a muscle other than the supraspinatus muscle, patients who had undergone surgery for both shoulders, patients who had shoulder trauma history, and patients with an unclear muscle boundary on an ultrasonography image.
Ultrasonography assessment
Ultrasonography was performed by two researchers with a 5.0-to 12.0-MHz linear array probe (HD11 XE ultrasound system; Philips Healthcare, Best, The Netherlands). Researcher 1 was a rehabilitation medicine specialist with 10 years of experience performing ultrasonography for musculoskeletal diseases. Researcher 2 was a rehabilitation medicine resident with 2 years of experience performing ultrasonography for musculoskeletal diseases.
The maximal CSA of the muscle is closely related to muscle function [14] . Yanagisawa et al. [15] demonstrated that the maximal CSA of the supraspinatus muscle can be measured slightly lateral to the center of the scapula with MRI and that the CSA is not significantly different around the center of the scapula. There is no gold standard for positioning the ultrasound probe when measuring the CSA of the supraspinatus muscle; but, there are two studies in which reliability has been confirmed [16] . The first method to measure the CSA is as follows. The most lateral edge of the scapula spine and coracoid process are confirmed, and a straight line connecting the two landmarks is drawn. At the midpoint of the straight line, a 12 Values are presented as mean±standard deviation or number (%). www.e-arm.org vertical line is drawn, and the CSA is measured in the site where the scapular notch is seen by moving the probe of the ultrasound along the vertical line [17] . The second method is as follows. The most lateral and medial edges of the scapular spine are confirmed by palpitation, and a straight line connecting the two points is drawn, the CSA is then measured at the midpoint of the straight line [18] . In this study, the CSA was measured using the second method, because the CSA is measured at the center of the scapula, which is close to the where the maximal CSA can be measured and easy to confirm with the surface anatomy.
To identify intra-and inter-rater reliability, for the first 14 of 34 subjects, two researchers checked the CSA of the supraspinatus muscle twice, respectively, and saved the images. For the remaining 20 subjects, Researcher 2 checked the CSA of the supraspinatus muscle and saved the images. For the first 14 of the 34 subjects, ultrasonography was conducted at the patient's outpatient clinic visit 3-4 months after arthroscopic rotator cuff repair, and again 2-3 days later at the patient's physical therapy session. The subjects were instructed to sit and naturally lower their arms with their elbows extended in a neutral position without supination or pronation of the forearm [16, 17] . To capture the CSA images, the most lateral and medial edges of the scapular spine were assessed by palpitation, and a straight line connecting the two points was drawn. After confirming the CSA by vertically plac- www.e-arm.org ing the probe of the ultrasound at the midpoint of the straight line, the image was saved (Fig. 1) . The CSA and echogenicity in the saved images were measured using an image processing software program (Philips QLap); the CSA and mean echogenicity were calculated when the CSA boundaries of the saved images were specified. A third researcher who was not involved in the ultrasonography and did not have knowledge of patient information drew the CSA boundaries of the saved images (Fig. 2) .
Functional assessment
The active ROM of the shoulder on the surgery side was measured and pain was assessed using the visual analogue scale (VAS). A questionnaire regarding the constant score of the shoulder was used, which assessed pain, activities of daily living, ROM and abduction strength of the shoulder joint. For the shoulder constant score, the shoulder abduction strength item was excluded because many patients complained of pain during the strength measurement, which made it difficult to obtain accurate measurements. Therefore, 75 was considered the highest score instead of 100 (excluding 25 for the strength measurement) for the shoulder constant score.
Statistical analysis
Using the intraclass correlation coefficient, intra-and inter-rater reliability were assessed according to the values of the CSA and echogenicity of the supraspinatus muscle as measured using ultrasonography for the initial 14 patients. Differences in the CSA and echogenicity between the surgery and non-surgery sides were compared using the Wilcoxon signed-rank test. Associations among the CSA, echogenicity, shoulder ROM, VAS, and constant score were identified using the Spearman rank correlation coefficients. The problem of multiple comparisons was adjusted for by using the Holm-Bonferroni method. The CSA and echogenicity of the full-thickness and partial-thickness tear groups were compared using the Wilcoxon rank sum test. All statistical analyses were performed using the SAS version 9.3 software (SAS Institute Inc., Cary, NC, USA). A significance level of p<0.05 was used for all comparisons.
RESULTS
High intra-and inter-rater reliability were confirmed for the CSA and echogenicity measures ( Table 2 ). There were statistically significant differences in the CSA and echogenicity between the surgery and non-surgery sides (Table 3) . Regarding the associations of shoulder function with the CSA and echogenicity ratios that represented the degrees of muscle atrophy and fat infiltration, respectively, the CSA ratio was associated with shoulder forward flexion, external rotation, and constant score; however, the echogenicity ratio was not associated with shoulder function after surgery (Table 4) . For the comparison of Table 2 . Intra-and inter-rater reliability of the supraspinatus muscle CSA and echogenicity measurement using ultrasonography Values are presented as intraclass correlation coefficient (95% confidence interval). CSA, cross-sectional area. www.e-arm.org the full-thickness and partial-thickness tear groups, there was no statistically significant difference between groups (Table 5 ). There was no association between the CSA and echogenicity ratios (correlation coefficients=-0.43, p=0.359).
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DISCUSSION
With the increased interest in the quantitative measurement of muscle morphology, more studies on the area have been published. Lee et al. [19] demonstrated that the degree of fat infiltration of the rotator cuff muscle as measured by quantitative and qualitative methods using CT arthrography are correlated and the reliability of the quantitative method is higher. However, there were disadvantages to the study of Lee et al. [19] in that MRI was used as a standard protocol for RCT evaluation rather than CT; the Hounsfield unit (HU) that was used for quantitative measurement of fat infiltration is not a direct measurement of the muscle lipid content; and radiation exposure was inevitable. Matsumura et al. [20] demonstrated that quantitative measurement of fat infiltration and atrophy of the whole muscle, not just the CSA of the muscle, is possible using three-dimensional, 2-point Dixon MRI. However, there were several limitations to the study by Matsumura et al. [20] . Because the technology has not yet been sufficiently developed, the boundaries should be manually marked on all image slides, which is time consuming. Moreover, although there were no differences in the weight or height between the groups, the muscle morphology may differ depending on age or sex, even for persons with a similar physique [21] . Thus, it is difficult to accurately determine the state of the muscle by measuring the affected side only. With a simple method using ultrasonography, this study quantitatively evaluated the degrees of atrophy and fat infiltration of the supraspinatus muscle.
There were statistically significant differences in the CSA and echogenicity of the supraspinatus muscles between the surgery and non-surgery sides 3-4 months after arthroscopic rotator cuff repair. Because the ROM exercises were primarily performed up to 3 months after surgery while restricting strengthening exercises of the rotator cuff muscles, muscle atrophy and fat infiltration on the surgery side had predictable outcomes. However, various outcomes have been reported regarding muscle atrophy and fat infiltration after rotator cuff repair. One study reported that, after a 6-month and 1-year follow- www.e-arm.org up, the morphological changes of muscle are irreversible; once muscle morphology is changed, it cannot be recovered [22, 23] . Another study reported that recovery from muscle atrophy is possible when rotator cuff repair is performed effectively [24, 25] . Improvements in atrophy and fat infiltration of muscle after rotator cuff repair remain controversial.
Many studies demonstrated that the morphological changes of the muscle are associated with the occurrence of tendon tear or shoulder function [23, 26] . However, only the rotator cuff tendon or tendon periphery were mainly evaluated when examining the shoulder with ultrasonography. This study evaluated the muscle itself with ultrasonography, and, because there was an association between the morphological changes of the muscle and shoulder function, this study demonstrated that rotator cuff muscle function could be predicted by evaluating the morphological changes of the muscle. Furthermore, this study demonstrated that objective evaluation is possible through quantitative measurement by using the symmetricity of the human body.
Although ultrasonography has the disadvantage of being a subjective (examiner-dependent) method, when fat infiltration was evaluated using the Goutallier grading system and muscle atrophy was evaluated using the tangent sign based on shoulder MRI by orthopedic specialists, the inter-observer agreement of the Goutallier grading system was 0.36 and that of the tangent sign was 0.59, which indicates that the inter-observer consistency was low [27] . Both the Goutallier grading system and tangent sign are qualitative evaluation methods, and their results suggest that objective evaluation through quantitative measurement is more important than the type of examination.
In another study, fat infiltration was evaluated using ultrasonography; the degree of fat infiltration was evaluated by comparing the echogenicity of the supraspinatus muscle with that of subcutaneous fat or the trapezius muscle [8] [9] [10] . However, hypertrophy of the muscles around the supraspinatus muscle may occur as compensation or fat infiltration may progress together in the muscles around the supraspinatus muscle on the injured side; therefore, this evaluation method may be inappropriate [28] . Because the evaluation was performed based on the non-surgery side using the symmetricity of the human body, this study is superior to other similar studies. In addition, examining the non-surgery side with MRI is economically burdensome, and CT has the disadvantage of radiation exposure. Therefore, it is difficult to evaluate the non-surgery side with MRI or CT. Evaluation through ultrasonography can be performed immediately in the treatment room, is not particularly harmful to the patient, and has a minimal economic burden. Therefore, ultrasonography is an optimal examination tool for the evaluation of the morphological changes of the muscle using the symmetricity of the human body. Moreover, muscle atrophy and fat infiltration were reported to be associated with poor prognosis because it is not possible to recover even after surgery [26, 29, 30] . If fat infiltration or atrophy is severe on the injured side compared to the healthy side on preoperative ultrasonography, then rapid surgery may be recommended to prevent exacerbation of the unrecovered muscle atrophy or fat infiltration.
In this study, there was no association between the degree of supraspinatus muscle atrophy and fat infiltration. The association between the degree of muscle atrophy and fat infiltration are still controversial. Because the measurement methods for muscle atrophy and fat infiltration were not unified in each study, the degree of fat infiltration was not evaluated quantitatively [31] [32] [33] . Moreover, when comparing the fat infiltration of the supraspinatus muscle as determined by MRI and ultrasonography, it is known that ultrasonography cannot distinguish between moderate and severe fat infiltration [33] .
Therefore, muscle atrophy rather than fat infiltration can be considered a more function-related and objective evaluation index in the evaluation of the muscle morphology using ultrasonography. For this reason, in this study, it was considered that there was some association between the CSA ratio and shoulder function; but, there was no association between the echogenicity ratio and shoulder function, and between the echogenicity and CSA ratios.
In this study, the reliability was significantly higher compared to other studies and, unlike other studies, the inter-rater reliability was higher than the intra-rater reliability. The possible reason for the high reliability may be that the saved images were measured solely by a third researcher who was not involved in the ultrasonography. Had the researcher who saved the image directly measured the CSA using the image tool, it would have been possible to know which image was the surgical side, www.e-arm.org which may have affected the measured CSA value. As a result, since the reliability was significantly higher compared to other ultrasonography studies and the identified reliability itself was very high, it was thought that a higher inter-reliability would result than intra-rater reliability.
The supraspinatus CSA ratio was correlated with shoulder flexion and external rotation ROM; yet, it was not correlated with shoulder abduction ROM, which is the function of the supraspinatus muscle. The functional recovery of the shoulder is known to begin 3 months after rotator cuff repair and to continue as late as 12 months after the surgery [34] . This study included patients who underwent surgery 3 to 4 months prior. Thus, the lack of a significant correlation between the shoulder abduction ROM and supraspinatus CSA ratio may have been due to the functional recovery just beginning and/or limits to the ROM due to postoperative adhesion by disuse after the surgery.
This study had some limitations. First, the sample size was small. Second, although many studies have reported no significant differences in the evaluation of muscle atrophy and fat infiltration with ultrasonography and MRI, the values obtained by MRI and ultrasonography for the subjects who were involved in this study were not compared. In addition, many patients complained of pain during the strength measurement, which made it difficult to obtain accurate measurements. Therefore, the shoulder abduction strength item was excluded from the shoulder constant score. Another evaluation method for shoulder function will be necessary in future studies. Furthermore, most of the patients in this study did not undergo preoperative ultrasonography; consequently, it was impossible to make comparisons with their preoperative status. In addition, for the first 14 of 34 subjects, two researchers conducted the ultrasonography to check the reliability, and as the reliability was confirmed to be high, Researcher 2 conducted ultrasonography for the remaining 20 subjects. Although the reliability was high, there is a limitation in that statistical analysis was performed with calculated values of the images captured by Researcher 2, who was less experienced.
In this study, the potential of ultrasonography as an objective method of examination was confirmed through quantitative measurement based on the non-surgery side of the human body. Ultrasonography is the most harmless to patients and an accurate assessment method that is less economically burdensome. Moreover, it can be easily and immediately performed in the treatment room. However, it has been suggested that ultrasonography may be examiner-dependent and subjective. To overcome the subjectivity of ultrasonography and increase its objectivity, quantitative measurement studies need to be conducted continuously.
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